High-level circuits in the brain that control the direction of gaze are intimately linked with the control of visual spatial attention [1] [2] [3] [4] [5] . Immediately before an animal directs its gaze towards a stimulus, both psychophysical sensitivity to that visual stimulus and the responsiveness of high-order neurons in the cerebral cortex that represent the stimulus increase dramatically 3, 6, 7 . Equivalent effects on behavioural sensitivity and neuronal responsiveness to visual stimuli result from focal electrical microstimulation of gaze control centres in monkeys [8] [9] [10] [11] . Whether the gaze control system modulates neuronal responsiveness in sensory modalities other than vision is unknown. Here we show that electrical microstimulation applied to gaze control circuitry in the forebrain of barn owls regulates the gain of midbrain auditory responses in an attention-like manner. When the forebrain circuit was activated, midbrain responses to auditory stimuli at the location encoded by the forebrain site were enhanced and spatial selectivity was sharpened. The same stimulation suppressed responses to auditory stimuli represented at other locations in the midbrain map. Such space-specific, top-down regulation of auditory responses by gaze control circuitry in the barn owl suggests that the central nervous system uses a common strategy for dynamically regulating sensory gain that applies across modalities, brain areas and classes of vertebrate species. This approach provides a path for discovering mechanisms that underlie top-down gain control in the central nervous system.
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The possibility that gaze control circuitry mediates spatial attention for audition, as well as for vision, is suggested by psychophysical and neurophysiological data. For example, when human subjects are asked to report the relative location of a short-duration, pulsed white noise stimulus, reaction time decreases and accuracy improves when the auditory stimulus is located near the endpoint of a visually instructed eye saccade compared to when saccades are made in the opposite direction 12 . In addition, responses of auditory neurons in the substantia nigra and caudate nucleus of monkeys increase when an auditory stimulus is the target of an upcoming eye saccade 13, 14 . In this study, we tested the hypothesis that forebrain gaze control circuitry regulates auditory neural processing in a space-specific manner. The arcopallial gaze fields (AGF), a premotor region in the owl's forebrain, has a central role in the control of gaze direction 15 . This region is analogous to the frontal eye fields (FEF) in the mammalian frontal cortex. The AGF, like the FEF, projects in parallel to the deep layers of the optic tectum and to saccade-generating premotor neurons in the brainstem 16, 17 ; electrical microstimulation in the AGF, like in the FEF, produces orienting movements of the eyes and head 16, 18 ; and the AGF, like the FEF, mediates memory-guided saccades 19, 20 . Recently, the FEF in monkeys has also been shown to direct visual spatial attention and to regulate the responsiveness of extrastriate visual neurons in a space-specific manner 9, 10 . A similar role for the AGF has not previously been tested.
In our study, electrical microstimulation was applied to the AGF while auditory responses were measured in the deep layers of the optic tectum, which contains a map of auditory space 21 . Auditory stimuli were presented via earphones so that spatial cues could be presented in randomly interleaved patterns and at high resolution, allowing us to characterize the spatial specificity of any gain changes. To simulate changes in stimulus location, we varied interaural timing differences (ITD), which indicate the horizontal position of a sound stimulus, and interaural level differences (ILD), which for barn owls indicate the vertical position of a stimulus 22 . The auditory portion of the AGF contains neurons that are tuned for both ITD and ILD and, therefore, for space 23 . Unlike in the optic tectum, where auditory space is mapped, in the AGF space is organized in a clustered representation in which neighbouring neurons encode a similar location, but neighbouring groups of neurons encode different, unpredictable locations 23 . The stimulating microelectrode was positioned in the centre of an AGF cluster as follows. In dorsoventral electrode penetrations through the AGF, ITD and ILD tuning was measured at approximately 100-mm intervals. When a cluster was found in which ITD and ILD tuning remained constant (^15 ms and^4 dB, respectively) for at least 300 mm, the electrode was centred in the cluster and the binaural tuning at the stimulation site was measured. The threshold for eliciting a motor response was determined by passing balanced biphasic pulses (25-ms train, 200 Hz, 200-ms phase duration) through the electrode and finding the lowest current level that elicited an eye saccade (mean 150 mA, range 55-400 mA). During the experiments, current amplitude was set to levels of less than half the threshold for eliciting a motor response and was never increased above 40 mA.
To monitor auditory responses, a second microelectrode was introduced into the deep layers (layers 11-13) of the optic tectum, and binaural tuning at the recording site was measured. Best ITD and best ILD were defined as the weighted average of responses greater than half of the maximum response (henceforth referred to as 'halfmax'). Tuning width was defined as the continuous range of ITD values that elicited a response greater than half-max. On the basis of that tuning, a stimulus set was programmed that sampled the entire ITD range for the site, at 10-or 20-ms intervals (10-20 repetitions of each ITD value under each condition), while holding ILD constant at the site's best value. On half of the trials, the sound was immediately preceded by AGF microstimulation. All ITD values and conditions (with and without electrical microstimulation) were randomly interleaved. In sequential stimulus sets, the AGF microstimulation current was increased in small increments until an effect on auditory responses was observed or until the current level reached 40 mA (maximum current tested).
Results from an experiment in which the binaural (spatial) tuning for ITD and ILD at the AGF and optic tectum sites were similar are shown in Fig. 1 . For the AGF site, the best ITD was 210 ms (leading in the left ear) and the best ILD was 1 dB (greater in the right ear). For the optic tectum site, the best ITD was 216 ms (DITD AGF-OT ¼ 6 ms; ,28 azimuth) and the best ILD was 1 dB (DILD AGF-OT ¼ 0 dB). Electrical microstimulation (7 mA, 25-ms train duration, 200 Hz; current to evoke eye saccades was 175 mA) applied to the AGF site just before the onset of the sound stimulus increased the strength of the optic tectum auditory responses to ITDs within 10 ms of the best ITD (Fig. 1b-d) but had no effect on responses to sounds with ITDs outside of the receptive field (Fig. 1b, c, e) . AGF microstimulation caused the best ITD of the optic tectum site to shift dynamically by 4 ms (best ITD with AGF microstimulation 212 ms; P , 0.001, paired t-test) towards the ITD value represented at the AGF site (Fig. 1c, arrows) .
The opposite result was observed in an experiment in which the best ITDs at the AGF and optic tectum sites differed by 45 ms (,188 azimuth; Fig. 2 ). AGF microstimulation (best ITD 210 ms; 7 mA) suppressed auditory responses, but only when the ITD of the sound was near the best ITD for the optic tectum site (best ITD 255 ms).
We tested the effects of microstimulation (mean current 14 mA, range 5-40 mA) at 41 AGF sites on auditory responses at 95 optic tectum sites. At 55 sites in the optic tectum (8 single units) for which DITD AGF-OT was #15 ms (#68 azimuth), AGF activation either enhanced auditory responses (n ¼ 45/55 sites; P , 0.05, paired t-test) or had no effect (n ¼ 10/55 sites) (Fig. 2e ). Because sites with such similar DITD AGF-OT showed a similar effect, we refer to these collectively as 'aligned pairs'. At 40 sites in the optic tectum (9 single units) for which DITD AGF-OT was .15 ms, AGF activation either suppressed auditory responses (n ¼ 23/40 sites; P , 0.05, paired t-test) or had no effect (n ¼ 17/40sites) (Fig. 2e) ; we refer to these as 'non-aligned pairs'. Single unit and multi-unit sites produced similar results.
The effect of AGF stimulation on optic tectum responses was summarized by weighted averages of the data from individual sites. Across all 55 aligned pairs of sites (Fig. 3a) , responses to best ITD increased by an average of 33% (range 28 to 105%, P , 0.0001, paired t-test) and the tuning width at half-max decreased by 16% (range 248 to 20%, P , 0.001, paired t-test). AGF microstimulation also tended to shift optic tectum tuning at aligned sites towards the value represented at the AGF stimulation site (Fig. 3b) .
In contrast, across all 40 non-aligned pairs of sites (Fig. 3c ), responses to best ITD decreased by an average of 16% (range 248 to 14%; P , 0.0001, paired t-test) and tuning width at half-max did not change significantly (range 214% to 19%, P ¼ 0.065, paired t-test).
The sharpening of auditory tuning curves that resulted from AGF activation is remarkable, because auditory tuning curves measured in the optic tectum under normal conditions are the sharpest of any observed in any part of the brain in any species (average width at halfmax 40 ms, or 168 azimuth) 22, 24 . Our results show that with AGF activation, they become even sharper (average width at half-max 32 ms, or 128 azimuth). This sharpening is caused by an enhancement of responses specifically to ITDs within 10 ms of the best ITD. This modulation of responsiveness that operates selectively within a site's receptive field cannot be accounted for by non-selective gain changes occurring at a stage in the pathway where receptive fields are smaller, as has been suggested to explain analogous effects in extrastriate visual areas 25, 26 , because auditory receptive fields at earlier stages in this pathway are larger. Thus, this result indicates that a gain control mechanism with extremely high spatial resolution can increase auditory response gain within a portion of the site's receptive field.
AGF activation causes an increase in response gain for the ITDs represented by the AGF site (Fig. 3b) . The same AGF activation causes a suppression of responses to auditory stimuli at other locations in space (Fig. 2) . The result is a top-down enhancement of the representation of auditory stimuli, selected on the basis of stimulus location by this gaze control circuitry. These effects are similar not only to the microstimulation-induced modulations of visual responses observed in monkeys 9 (effects that have been linked directly to spatial attention 10 ) but also to modulations of visual responses observed in animals trained to direct spatial attention [27] [28] [29] . Although behavioural experiments will be required to test whether our results in owls are linked to spatial attention, the similarity of the effects of microstimulating forebrain gaze control circuitry in barn owls (on auditory processing) and in monkeys (on visual processing) suggests a common strategy used by the central nervous system for top-down, space-specific control of sensory gain and offers a path for discovering the underlying mechanisms.
METHODS
Animal preparation and recording. Twelve barn owls were used for this study. Owls were housed in large communal aviaries. For all surgical procedures, owls were anaesthetized with halothane (1%) mixed with nitrous oxide and oxygen (45:55 ratio). General surgical and experimental procedures, described in detail previously 30 , were approved by the Animal Care and Use Committee of Stanford University and were in accordance with National Institutes of Health and Society for Neuroscience guidelines. Microstimulation. Electrical microstimulation was delivered with a Grass stimulator (S88) and two Grass stimulus isolation units (PSIU-6). Current amplitude was monitored by way of the voltage drop across a 1-kQ resistor in series with the return path of the current source. Electrical stimulation was delivered to the AGF site through an epoxy-coated tungsten microelectrode (0.5-1.0 MQ impedance measured at 1 kHz). In each bird, the AGF was localized on the basis of protocols and coordinates described previously 23 . During each experimental session, the current threshold to evoke a motor response was determined by incrementally increasing the stimulation current until a smallamplitude eye movement (a small deflection in the position of a retinal landmark, pecten oculus, viewed ophthalmoscopically) was observed. Once the threshold for eliciting a motor response from the AGF site was determined, the amplitude of the experimental current pulses was then set to low levels (5 mA) and incrementally increased until either we observed an effect on optic tectum auditory responses or the current amplitude reached 40 mA (lowest observed motor threshold 55 mA). Auditory stimulation. Auditory tuning was measured by presenting noise bursts (100-ms duration, 4-12 kHz, 0-ms rise/fall time, 20 dB above unit threshold) dichotically as described previously 22, 30 . Tuning for ITD was assessed by presenting 10-20 series of noise bursts with ITD varied in a random, interleaved fashion while ILD was held at the optimal value for the site. Data analysis. Unit recordings were collected from 12 owls (number of unit recordings per owl: 8, 5, 6, 10, 6, 8, 9, 6, 9, 8, 11, 9) . Net responses at each optic tectum site were quantified by subtracting the number of spikes that occurred during the 100-ms interval before stimulus presentation (baseline activity) from the number of spikes occurring during the 100 ms after stimulus (sound) onset. On trials during which microstimulation was applied to the AGF, the stimulation artefact was excluded from the analysis and the baseline spike count was normalized to a 100-ms window before the subtraction. Net responses from each trial were then averaged. Paired t-tests were used to compare net responses during trials with and without stimulation. The significance of dynamic shifts in the best ITDs of optic tectum sites was tested by comparing 15 independent measurements of best ITD, with and without AGF microstimulation, with a two-tailed paired t-test. 
